The BTB (bric a brac, tramtrack, broad complex) domain is found in a large and diverse family of proteins. BTB domains are highly conserved from Drosophila to Homo sapiens and are present in 5 to 10% of all zinc finger proteins (1, 54) . In the annotation of the human genome sequence, BTB domains were found in 113 proteins, representing the 28th most common motif in the human proteome (29) . BTB proteins play critical roles in development, homeostasis, and neoplasia (3, 9, 22, 28, 47, 48) .
We are interested in a subset of BTB proteins involved in silencing gene expression. Among these, the PLZF (promyelocytic leukemia zinc finger) protein was identified as the translocation partner of retinoic acid receptor alpha (RAR␣) in t(11;17)(q23;q21) retinoid-resistant acute promyelocytic leukemia (6, 32) . PLZF is a growth suppressor that blocks proliferation and myeloid differentiation through silencing of target genes, including cell cycle regulators (2, 46, 52) . Another BTB protein, Bcl-6 (B-cell lymphoma 6), is rearranged in at least 35% of diffuse large cell lymphomas, as well as in follicular and AIDS-related lymphomas, with aberrant expression usually driven by heterologous promoter regions. (14, 35, 51) . Bcl-6 is normally expressed in germinal center B cells, as well as intrafollicular CD4 ϩ cells (4, 10) . In lymphomas, persistent expression of Bcl-6 is believed to block lymphocyte differentiation, leaving these cells in a state in which they are competent to continue proliferating and vulnerable to further mutagenesis (45) . Bcl-6 directly represses promoters of gene products such as CD69, cyclin D2, and MIP1␣ (45) .
Initial studies of the transcriptional function of PLZF, Bcl-6, and PLZF-RAR␣ led to the conclusion that the BTB domain of these proteins was essential for dimerization, transcriptional repression, and nuclear microspeckled localization (10, 13) . Furthermore, the BTB domains can be autonomous transcriptional repression motifs. In transient transfection assays, BTB domains fused to the GAL4 DNA binding domain (DBD) repressed reporter genes containing GAL4 binding sites (5, 30) .
The discovery of the role of histone deacetylases (HDACs) and corepressor proteins such as N-CoR and SMRT in transcriptional repression led a number of groups to ask whether PLZF, PLZF-RAR␣, and Bcl-6 worked through interaction with such factors (7, 11, 12, 16, 18, 19, 21, 23, 34, 50) . Some of these reports suggested a key role for the BTB domain. For example, Guidez et al. found that the BTB domain was important for the ability of PLZF-RAR␣ to repress transcriptional repression and bind N-CoR (18) . Others were unable to detect an interaction between the PLZF BTB domain and N-CoR by using glutathione S-transferase (GST) protein affinity chromatography (16) . None of these studies fully addressed the critical question of whether the BTB domains could directly touch transcriptional corepressors. The protein interaction studies employed included yeast and mammalian two-hybrid models, coimmunoprecipitations, and GST pulldowns with in vitro-transcribed and -translated proteins (7, 11, 12, 16, 18, 19, 21, 23, 34, 50) . In both eukaryotic cells as well as in reticulocyte lysates, other proteins such as Sin3A are present and could mediate bridging interactions between the BTB domain and other corepressors.
Given the frequent representation of the BTB domain in the transcription factor repertoire, its highly conserved nature and its role in hematologic malignancies, we wished to understand the molecular basis of its structure and functions. A crystallographic analysis of the PLZF BTB dimer at a 1.9-Å resolution revealed an intertwined, obligate homodimer with an extensive hydrophobic interface ( Fig. 1) (1) . A striking surface feature was a charged pocket formed by apposition of the two monomers (1, 31) .
To test the function of the pocket and other dimer features, we performed a battery of biochemical, transcriptional, and biological assays on an extensive set of mutants (36) . We examined the ability of isolated BTB domain mutants and fulllength PLZF mutants to properly fold, dimerize, repress transcription, form high-molecular-weight complexes, localize to nuclear microspeckles, and suppress cell proliferation. We found that mutations that resulted in misfolding led to proteins that could not dimerize and were nonfunctional. However, the most prominent finding of these studies was that proper charge alignment in the BTB pocket was required for its transcriptional repression function, even when the overall structural integrity and dimerization ability of the domain were preserved (36) .
Given these results, we hypothesized that the PLZF BTB charged pocket represents a novel site for recruitment of corepressor-HDAC complexes. In our present studies, we find that the proper charge alignment in the BTB pocket is required not only for transcriptional repression, but also for binding of corepressors. We show for the first time that the BTB-corepressor interaction is direct and is mediated by discreet regions of N-CoR and SMRT. Furthermore, these results were perfectly reproducible in the case of Bcl-6 repression and its interaction with N-CoR, SMRT, and the Bcl-6-specific corepressor B-CoR (24) . Finally, natural variations in key residues of the charged pocket between PLZF, Bcl-6, and the FAZF (Fanconi anemia zinc finger) proteins demonstrate that changes in affinity for corepressors can in part predict the ability of different BTB domains to efficiently repress transcription. Thus, the BTB pocket may represent a novel repression complex recruitment motif and is a major transcriptional effector site for PLZF and Bcl-6.
MATERIALS AND METHODS
Plasmids and mutant BTB domains. The DNA segment encoding residues 1 to 137 of PLZF comprising the BTB region was previously described (36) . The R49D, D33N, D41R, R49Q, and D35N/R49Q PLZF BTB mutants were described in reference 36. Additional PLZF mutants used herein were constructed by PCR amplification from human PLZF cDNA by using a 5Ј primer containing a BamHI site (5Ј-TATGGATCCATGGATCTGACAAAA-3Ј) and a 3Ј primer containing an XbaI site 5Ј-TCACTCTAGAGCGGCCATGGTGGCCTCCGTG TCATT-3Ј). BTB domain mutations were created by PCR-mediated mutagenesis with the following specific oligonucleotides: for R49K, 5Ј-CACGCCCACA AGACGGTGCTG-3Ј and 5Ј-CAGCACCGTGCTGTGGGCGTG-3Ј; for R49S, 5Ј-CACGCCCACAGCACGGTGCTG-3Ј and 5Ј-CAGCACCGTGCTGTGGG CGTG-3Ј; and for D35N, 5Ј-ACTTTGTGCAATGTGGTCATC and 5Ј-GATG ACCACATTGCACAAAGT-3Ј. A DNA segment containing residues 5 to 129 comprising the BTB domain of Bcl-6 was PCR amplified with a 5Ј BamHI site-containing primer (5Ј-TATGGATCCGCTGACAGCCAGATC-3Ј) and a 3Ј HindIII-XbaI site-containing primer (5Ј-GCTCTAGAAAGCTTTTCACTGGC CTTAATAAA-3Ј). To introduce PCR-generated point mutations, the following oligonucleotides were used: for D33N, 5Ј-ATCTTGACTAATGTTGTCATT-3Ј; for K47Q, 5Ј-AGAGCCCATCAAACGGTCCTC-3Ј and 5Ј-GAGGACCGTTT GATGGGCTCT-3Ј; for K47D, 5Ј-AGAGCCCATGACACGGTCCTC-3Ј and 5Ј-GAGGACCGTGTCATGGGCTCT-3Ј; for K47R, 5Ј-AGAGCCCATAGAA CGGTCCTC-3Ј and 5Ј-GAGGACCGTTCTATGGGCTCT-3Ј; and for K47S, 5Ј-AGAGCCCATAGTACGGTCCTC-3Ј and 5Ј-GAGGACCGTACTATGGG CTCT-3Ј. A construct encoding the FAZF BTB domain (amino acids 1 to 125) was amplified from the FAFZF cDNA by using the BamHI site-containing primer 5Ј-TCGGATCCGTGATGTCCCTGCCCCCC-3Ј and the 3Ј XbaI-HindIII sitecontaining primer 5Ј-CGTCTAGAAAGCTCCAGGCCTGGATCTGGCTT-3Ј. The following point mutations were introduced: D29N (5Ј-GCACTCTGTAAT ACTCTGATC-3Ј and 5Ј-GATCAGAGTATTACAGAGTGC-3Ј), S44R (5Ј-CC CGCCCACAGACTGGTGCTA-3Ј and 5Ј-TAGCACCAGCAGTCTGTGGGC GGG-3Ј), and S44K (5Ј-CCCGCCCACAAACTGGTGCTA-3Ј and 5Ј-TAGCA CCAGTTTGTGGGCGGG-3Ј). Amplified fragments were gel purified (Qiagen, Valencia, Calif.) and digested for insertion into the pBXG1 GAL4 DBD mammalian expression vector (36) and the pSP73 vector for in vitro transcription and translation (Promega, Madison, Wis.). Sequences encoding the Bcl-6 and PLZF BTB domains were cloned into pET-32(a) (Novagen, Madison, Wis.), to yield an Escherichia coli thioredoxin protein, followed by a 56-amino-acid linker containing a six-His affinity tag and ending with the BTB domains of PLZF or Bcl-6.
FIG. 1. Structural motifs of the BTB dimer. (Top panel)
Superimposed ribbon and charge-mapping views of the PLZF BTB dimer (red, negative charge; blue, positive charge). The BTB monomer ribbons are shown in blue and red, respectively. The green arrow indicates the highly conserved charged pocket, and the blue arrows indicate the hydrophobic oligomerization surface region. The thin black arrows indicate the location of key, conserved charged pocket residues in both monomers. (Middle panel) Sequence alignment of the N terminus of several different BTB domains. This region of the BTB corresponds mainly to the charged pocket. The red box indicates the conserved aspartate residue, which in PLZF is at position 35. The blue box indicates the conserved basic pocket residue, which in PLZF is an arginine at position 49. The location of these two residues in the charged pocket is shown in the lower panel, which is a charge mapping viewed from the "top" of the dimer.
VOL. 22, 2002 BTB DOMAIN RESIDUES CRITICAL TO COREPRESSOR INTERACTION  1805 PLZF⌬   BTB , lacking the first 120 N-terminal amino acids of PLZF, was described previously (13) . Full-length PLZF was cloned into the EcoRI site of pCDNA3.1myc/hisϩA (Invitrogen, Carlsbad, Calif.). This plasmid was partially digested with EcoRV and SfiI to remove sequences encoding the wild-type BTB domain and replaced with EcoRV-SfiI fragments derived from pSP73 vectors harboring the mutant BTB domains. The correct reading frame and sequence were confirmed for all plasmids by automated DNA sequencing (Utah State University Biotechnology Center, Logan, and the OCI Sequencing Facility at the Princess Margaret Hospital, Toronto, Ontario, Canada). Expression vectors for SMRT and N-CoR were a gift of Mitch Lazar (University of Pennsylvania). The B-CoR expression vector and the VP16-N-CoR, -SMRT, or -B-CoR fusions for mammal two-hybrid assays were previously described (23, 24) . The coding region of mouse N-CoR (amino acids 1351 to 1616) was cloned into the T7 polymerasebased expression vector pET-16-b(ϩ) (Novagen).
Expression, purification, and interaction of PLZF, N-CoR, and SMRT fragments. The preparation of PLZF BTB protein was described previously (1) , and Bcl-6 BTB was expressed and purified by a similar protocol. N-CoR fragment 1351 to 1616 containing an N-terminal six-His tag was expressed in E. coli BL21(DE3) cells grown in Luria-Bertani (LB) broth with induction with 0.2 mM isopropyl ␤-D-thiogalactopyranoside (IPTG). Cells were harvested and lysed by cavitation in an Emulsiflex-C5 (Avestin, Ottawa, Ontario, Canada). The resulting lysate was cleared by centrifugation, and the soluble supernatant was purified by metal chelation chromatography on a nickel-nitrilotriacetic acid (Ni-NTA) column (Qiagen). The peak fractions containing the His-tagged protein were pooled, concentrated, and further purified by size-exclusion chromatography on a Superdex-75 column (Pharmacia Biotech; 16 by 600 mm) equilibrated in a mixture containing 250 mM NaCl and 20 mM Tris-HCl (pH 8.0). Equimolar amounts of 10-His-tagged N-CoR(1351-1616) or 6-His-tagged thioredoxin and Bcl-6 BTB or PLZF BTB were mixed overnight at 4°C. The mixture was then loaded onto a Ni-NTA spin column (Qiagen) equilibrated in buffer A (200 mM NaCl, 20 mM Tris-HCl [pH 8.0], 10 mM imidazole, 5 mM ␤-mercaptoethanol) and washed twice with 600 l of buffer A. Bound protein was then eluted with 400 l of buffer A containing 300 mM imidazole.
Reporter assays. Reporter constructs used in these experiments included (GAL4) 5 -tk-luciferase (Luc) and (interleukin-3 receptor [IL-3R]) 4 -tk-Luc, the latter containing PLZF binding sites (36) . A tk-Luc construct lacking specific binding sites was used as a negative control for the above reporters and a tk-Renilla luciferase plasmid was included as an internal control. 293T cells were plated in 12-well tissue culture dishes at a density of 2 ϫ 10 5 per well and transfected with the Superfect lipid reagent (Qiagen). Dual luciferase assays were performed (Promega), and luciferase activity was measured with an MLX microtiter plate luminometer (Dynex Technologies; Chantilly, Va.). All transfection experiments were performed in duplicate or quadruplicate 3 to 10 times. The fold repression of transcription was calculated relative to transcription of the reporters in the presence of the relevant empty expression vector and normalized to the internal control. Immunoblotting with the appropriate antibodies confirmed expression of all of the transfected proteins. The amount of transfected plasmids is indicated in the figure legends.
Mammalian two-hybrid assays. For the B-CoR, N-CoR, and SMRT experiments, 293T cells were grown in 12-well tissue culture plates at a density of 2 ϫ 10 5 cells per well. The B-CoR experiments were also performed with HeLa cells transfected with TFX20 lipid reagent (Promega). The bait plasmids were the same GAL4-BTB fusion proteins described above, at 25 ng per well. The prey plasmids consisted of the VP-16 corepressor fusions as described above. Activation of (GAL) 5 -tk-Luc (for N-CoR and SMRT) or simian virus 40 (SV40)-(GAL4) 4 -Luc (for B-CoR) compared to GAL was normalized to that of the internal control and tabulated as fold activation of the hybrid formed between the interacting proteins.
In vitro translation immunoprecipitations. Interaction of BTB domains with N-CoR, SMRT, and B-CoR was determined by precipitating the corepressors with the antibodies listed below and visualizing the BTB domains by 35 S autoradiography of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels. Five hundred nanograms of DNA was used for each reaction. Reactions were performed as per the TnT coupled in vitro transcription-translation system manufacturer's protocol (Promega). Aliquots of 5 l of each sample were run by PAGE as controls of expression. The remaining 45 l of the sample was combined with the in vitro-translated potential protein partner and incubated for at least 2 h with continuous rotating. The cocktail of in vitro translates was then split between two tubes. Protein A beads with the specific antibody of interest preattached (see below) were added to one of the tubes. Protein A beads with a nonspecific antibody of the correct isotype was added to the other tube. In both cases, the volume was brought up with Tris-buffered saline (TBS) buffer containing protease inhibitors (Roche Molecular Biochemicals, Indianapolis, Ind.). These tubes were incubated for at least 4 h at 4°C. The beads were then spun and washed six times with repeated rotation in TBS plus 0.5% Tween 20. The beads were then placed in Laemmli buffer for running on SDS-PAGE. The antibodies were rabbit polyclonal N-CoR (H-303) antibodies, goat polyclonal SMRT (N-20) antibodies, c-myc (9E10) mouse monoclonal antibodies (Santa Cruz, Santa Cruz, Calif.), and control preimmune rabbit and goat polyclonal immunoglobulin G (IgG) (Jackson Immuno-Research; West Grove, Pa.).
Transient transfection immunoprecipitation. 293T cells were plated at a density of 10 6 cells per well and transfected with the indicated plasmids at a final concentration of 1 g of DNA per well of a six-well plate. Transfections were performed with the Superfect reagent as directed (Qiagen). The cells were harvested 48 h after transfection for immunoblotting. Twenty microliters of protein A-Sepharose beads (Roche Molecular Biochemicals Indianapolis, Ind.) was washed twice in 0.2 M sodium borate (pH 9.0). The following antibodies were used for immunoprecipitations and/or immunoblotting: PLZF mouse monoclonal antibody (IgG2a isotype) (33), rabbit polyclonal GAL (DBD), HDAC1 (H-51), HDAC2 (H-54), and N-CoR (H-303) antibodies, goat polyclonal SMRT (N-20) antibodies (Santa Cruz), isotype control preimmune mouse monoclonal IgG2a, and control preimmune rabbit and goat polyclonal IgG (Jackson ImmunoResearch). To prepare antibody-coated beads, 10 l of 50% protein A-agarose beads slurry was washed with 0.2 M boric acid. The antibodies were added at a concentration of 1 mg/ml and mixed for 1 h at room temperature. The beads were washed again at pH 9.0 at room temperature in sodium borate followed by washing in 0.2 M triethanolamine (pH 8.5) and freshly measured dimethylpimelidate at a final concentration of 20 mM and mixed for 1 h at room temperature. The beads were resuspended in 0.2 M ethanolamine for 5 min, before being transferred into phosphate-buffered saline (PBS). (Unless stated otherwise, all chemicals were obtained from Sigma, St. Louis, Mo.). Cells were harvested with PBS at 4°C and exposed to lysis buffer (150 mM NaCl, 20 mM Tris-Cl, Tween 20 [pH 7.4], plus protease inhibitors) on ice for 15 min. This suspension was centrifuged at 2,000 ϫ g for 5 min at 4°C. The supernatant was precleared by exposure to beads bound to a nonspecific rabbit IgG (Zymed, San Francisco, Calif.) and mixed for approximately 1 h at 4°C. The beads were then pelleted and exposed to specific antibodies of interest bound to protein ASepharose or their isotype controls and mixed on a rotator overnight. The pellets were washed in fresh cold lysis buffer six times-the last three times with NP-40 instead of Tween 20 in the lysis buffer. The beads were then placed in Laemmli buffer, and the precipitated proteins were released by boiling. This was followed by electrophoresis through an SDS-12% polyacrylamide gel and transfer to an Immobilon P membrane (Millipore, Bedford, Mass.). Immunoblotting was performed with a 1:1,000 dilution of monoclonal PLZF antibodies (100 mg/ml) or a 1:500 dilution of SMRT, HDAC1, HDAC2, or N-CoR primary antibodies followed by a 1:3,000 dilution of horseradish peroxidase-conjugated anti-mouse, anti-rabbit, or anti-goat secondary antibody (Roche Molecular Biochemicals). Autoradiographs were preformed with the ECL enhanced chemiluminescence kit (Amersham Pharmacia, Buckinghamshire, United Kingdom). Direct immunoblotting was performed with 20 l of lysates from transfected 293T cells.
RESULTS

Mutating the BTB domain.
A highly conserved charged pocket is a critical functional motif of the PLZF BTB dimer (36) . The most conserved charged residues in the PLZF pocket are an aspartate at position 35 and an arginine at position 49 ( Fig. 1) . Each monomer of the BTB dimer contributes a wall to the pocket in which the D35 and R49 residues are present, leading to the coordinately charged pocket containing the two positive and two negative charges (see bottom panel of Fig. 1 ). Aspartate 35 is nearly invariant throughout the BTB domain family, while position 49 is most often an arginine or a lysine, with very few exceptions (see Fig. 1 alignment) . The introduction of point mutations into these residues is highly informative in studying the function of the BTB pocket. Point mutations that result in loss of these two charges functionally inactivate BTB-dependent repression while maintaining the ability to dimerize and oligomerize (36) (described below).
The PLZF BTB domain is physically and functionally re-quired for interactions with corepressors. We hypothesized that the BTB charged pocket mediates transcriptional repression through a pivotal role in recruiting corepressors to the BTB domain of PLZF. However, PLZF has two other characterized functional motifs: a C-terminal array of nine zinc fingers that bind to specific DNA targets as well as other proteins and a second repression domain (RD2) that interacts with the ETO corepressor ( Fig. 2A) (27, 30, 37) . Thus, we first analyzed the impact of BTB loss of function by deleting the entire domain and studying the functional and physical effects on interactions with the N-CoR and SMRT corepressors. We transfected 293T cells with PLZF or PLZF⌬ BTB and N-CoR or SMRT and confirmed expression of all proteins by immunoblotting. Coimmunoprecipitations were performed with SMRT or N-CoR antibodies. In both cases, the full-length form of PLZF could be coprecipitated with the corepressors, while the form deleted for the BTB domain could not. We believe that the second band is a C-terminally truncated form of PLZF that is occasionally seen in these experiments. Thus, the BTB domain was required for in vivo interaction with the corepressors (Fig. 2B) . To assess PLZF repression, we employed a construct containing four multimerized PLZF binding sites (2, 36) . PLZF typically represses this reporter threefold, and SMRT approximately doubles the repression to approximately sixfold (Fig. 2C) . In contrast, PLZF⌬ BTB represses less than 1.5-fold, and this effect was not significantly enhanced by SMRT (enhanced to 1.8-fold). In our experience, SMRT can variably enhance repression of several reporter constructs, although this effect is small compared to the enhancement of the BTB proteins under study. Enhancement by N-CoR is more difficult to show in these cells, possibly because they have plentiful endogenous N-CoR (data not shown). We conclude that the BTB domain is required for effective physical interactions with SMRT and N-CoR and functional interaction with SMRT and is required for the transcriptional effects of PLZF. The PLZF BTB charged pocket is required for transcriptional repression and corepressor interaction. Having confirmed the central role of the PLZF BTB domain in corepressor recruitment and repression, we next tested the role of the BTB pocket in these processes. Although the pocket in the wild-type protein has a high charge density due to the two arginines and two aspartates, it carries a formal net charge of zero. These residues are in close proximity to each other, but do not interact through salt bridging. We used three mutant BTB domains we had previously characterized (36) . These are as follows. (i) The first is an R49D point mutation, which if present in the folded dimer, would present a net charge of Ϫ4 in the pocket. This mutation results in an unfolded nonfunctional BTB domain (36) . (ii) The second is a D35N mutation, which would create a ϩ2 charge in the pocket. Such BTB domains partially preserve dimerization and repression (36) . (iii) The third is a double point mutant, D35N/R49Q, which produces a pocket with no net charge, as with the wild-type protein, but which lacks the high charge density. This mutant domain has an improved stability profile relative to the two other mutants, but has lost all repression activity when tested in the context of full-length PLZF. In fact, when fused to heterologous DBDs, this BTB D35N/R49Q mutant is a transcriptional activator (36) . All of these mutants were tested as fusions to the GAL4 DBD (amino acids 1 to 147) or were inserted into full-length PLZF.
GAL-BTB fusions and full-length PLZF species with mutant BTB domains were cotransfected with the (GAL) 5 -tk-Luc or (IL-3R␣) 4 -tk-Luc reporters, respectively. Expression of the BTB proteins was verified by immunoblotting (data not shown). Consistent with our previous results, in both cases the R49D misfolding mutant was nonfunctional, the D35N mutant was partially functional, and the dimerization-competent D35N/ R49Q double mutant was unable to repress ( Fig. 3A and B) .
We next tested whether these mutations affected the interaction of the BTB domain with corepressors. We first performed coimmunoprecipitations with in vitro-translated GAL-BTB fusions and corepressors. The proteins were labeled with [ 35 S]methionine and allowed to interact prior to precipitation with N-CoR antibodies. The BTB domains were then visualized by fluorography (Fig. 3C) . Wild-type BTB and BTB D41R (a mutation outside of the pocket which represses in a manner similar to wild type) both interacted with N-CoR. BTB D35N/R49Q did not interact with N-Cor, while BTB D35N maintained some interaction. BTB R49D was not tested, since it does not properly fold (36) . We next cotransfected full-length PLZF species with N-CoR or SMRT and performed coimmunoprecipitations. In did not. In Fig. 3E , lysates were precipitated with PLZF antibodies and immunoblotted for SMRT. PLZF and PLZF
D35N
interacted with SMRT, while PLZF D35N/R49Q did not.
Functional interaction was similarly affected. In reporter assays with (GAL) 5 -tk-Luc, cotransfection of SMRT enhanced GAL-BTB and GAL-D35N, but did not enhance GAL-R49D or GAL-D35N/R49Q (Fig. 3F) . Similarly, in assays using the (IL-3R␣) 4 -tk-Luc reporter, PLZF and PLZF D35N were enhanced by SMRT. In contrast, PLZF R49D was not enhanced and PLZF D35N/R49Q was only minimally enhanced (Fig. 3G) . From these experiments, we conclude that the D35N/R49Q loss-of-pocket-charge mutant is unable to bind to corepressors and to mediate repression. This suggests that correct charge alignment within the BTB pocket is required for stable interaction of corepressors. Interestingly, the single-pocket mutant D35N seems to partially reduce BTB-dependent repression and corepressor interaction. This was more evident in the context of full-length protein. The fact that the D35N/R49Q mutant severely affects full-length PLZF repression and corepressor association underscores the critical nature of the BTB domain for transcriptional silencing.
The PLZF BTB charged pocket is required for efficient recruitment of HDACs. The ability of PLZF to repress transcriptional repression has been linked to its capacity to recruit HDACs, probably through the bridging effects of corepressors (7, 18) . We tested the ability of full-length PLZF with BTB mutations to interact with HDAC1 in cotransfection and/or coimmunoprecipitation experiments When PLZF monoclonal antibodies were used to precipitate the cell lysates, PLZF D35N was partially and PLZF D35N/R49Q was almost completely defective in forming a complex with HDAC1 (Fig. 4A) . Conversely, when the lysates were precipitated with HDAC1 antibodies, PLZF was efficiently coprecipitated, but PLZF⌬ BTB and PLZF D35N/R49Q were not. As before, PLZF D35N was partially defective for association with HDAC1 (Fig. 4B) . Similar results were seen in coimmunoprecipitations with HDAC2 (not shown). Therefore, the BTB pocket is required for efficient association of PLZF with HDACs, consistent with a major role of this motif in mediating the HDAC-dependent repression effects of PLZF.
The charged pocket is required for Bcl-6 BTB transcriptional repression and interaction with corepressors. We next wished to determine whether the charged pocket was equally important for another BTB repressor. Bcl-6 is a transcriptional repressor that is aberrantly expressed in many cases of nonHodgkin's lymphoma and is known to interact with corepressors and HDACs. We created mutations in the Bcl-6 charged residues equivalent to those of PLZF, predicted to form the pocket of its BTB domain. Specifically these included K47D, D33N, and D33N/K47Q. (The fact that Bcl-6 has a lysine instead of arginine in the pocket will be discussed below.) These BTB domains were fused to GAL and tested for their ability to repress the (GAL) 5 -tk-Luc reporter. As before, all proteins were detected by immunoblotting (data not shown). As in the case of PLZF, the K47D mutant did not repress, the partially defective D33N mutant was able to repress to almost the same extent as the wild type, and the D33N/K47Q loss-of-charge mutant also failed to repress transcription (Fig. 5A) . To determine whether loss of repression correlates with loss of corepressor binding, we first performed mammalian two-hybrid experiments with the Bcl-6 GAL-BTB fusions as bait and VP16-N-CoR, -SMRT, and -B-CoR as prey. B-CoR is a Bcl-6-specific corepressor, which interacts shown to be mutually exclusive (24) . Interaction between Bcl-6 and each corepressor was confirmed in vivo by activation of the (GAL) 5 reporter. As in the case of PLZF, Bcl-6 D33N was still capable of interacting with each corepressor, while Bcl-6 K47D mutants did not. None of the corepressors could interact in vivo with the Bcl-6 D33N/R49Q mutant, indicating that the correct charge alignment of residues in the pocket was required to recruit the corepressors (Fig. 5B) . Furthermore, wild-type Bcl-6 BTB could be coprecipitated with N-CoR as well as the single-charge-neutralization mutant Bcl-6 D33N and the additional control single-charge mutant Bcl-6 K47Q . However, the double-charge-neutralization mutant Bcl-6 D33N/K47Q did not interact with the corepressor (Fig. 5C) . In similar assays, BCoR precipitated wild-type but not double mutant BTB domains. The interaction with Bcl-6 D33N in this case was present, although considerably weakened (Fig. 5D) . B-CoR was previously shown to enhance transcriptional repression by Bcl-6 (24). We tested whether B-CoR could enhance repression by the point mutants in reporter assays. B-CoR efficiently enhanced transcriptional repression by GAL-Bcl-6 BTB and was able to enhance Bcl-6 D33N as well. The Bcl-6 D33N/R49Q mutant was not enhanced by B-CoR, nor was the misfolding mutant Bcl-6 K47D mutant (Fig. 5E) . Therefore, the model developed for PLZF could be applied to Bcl-6, indicating that the integrity of the charged pocket motif of the Bcl-6 BTB domain is critical for recruitment of corepressors and allows BTB-dependent transcriptional repression.
A discrete domain of N-CoR and SMRT interacts directly with the BTB domains of PLZF and Bcl-6. Although it is clear from our experiments and those of others that the BTB domain is required for interaction with corepressors, it was not certain whether this interaction was direct. To answer this question, as well as to map the interacting region of the corepressors, we purified six-His-tagged N-CoR and SMRT fragments expressed in E. coli. These proteins were allowed to interact with bacterially expressed and purified PLZF and Bcl-6 BTB domains. The complex was then affinity purified over Ni-NTA columns, eluted by imidazole washing, and resolved by SDS-PAGE (Fig. 6 ). Bcl-6 was captured to a greater extent than PLZF, suggesting a higher affinity for corepressors. The fragment of N-CoR interacting with the BTB domain was mapped to residues 1351 to 1616 of N-CoR. Representative experiments are shown in Fig. 6 . Our preliminary results demonstrate that a fragment of SMRT between positions 1413 to 1497 also binds directly to these BTB domains with similar affinity. Thus, we show for the first time that both PLZF and Bcl-6 BTB domains interact directly with N-CoR and SMRT and have mapped the direct interaction to a restricted region of the corepressor proteins.
Transcriptional repression and corepressor binding correlate with the identity of critical pocket residues in PLZF, Bcl-6, and FAZF. Given the difference in affinity between PLZF and Bcl-6 for corepressor binding, we decided to reexamine the exact BTB domain sequences of these proteins. One obvious difference was the presence of lysine in the pocket of Bcl-6 rather than the arginine found in the pocket of PLZF (Fig.  7A) . We further noticed that another BTB protein under active study in our laboratory, the PLZF-like FAZF protein, contains a polar serine instead of a positively charged residue at the equivalent position (Fig. 7A) . In previous studies, we showed that FAZF binds to the same DNA sequences as PLZF, but is not as effective a repressor (20) . In light of these findings, we compared the abilities of the BTB domains of FAZF, Bcl-6, and PLZF to repress transcription when fused to the GAL4 DBD. An equal amount of each expression vector was transfected into 293T cells, and similar levels of expression were verified by immunoblotting. In these assays, the Bcl-6 BTB domain repressed transcription over 200-fold, while PLZF was much weaker, inhibiting transcription only 10-fold (Fig. 7B) . The FAZF BTB domain did not detectably repress transcription. When the ability of these BTB domains to inter- act in vivo with N-CoR or SMRT was tested by mammalian two-hybrid analysis, only Bcl-6 interacted strongly enough to activate the reporter (Fig. 7C) . The differential affinity for corepressors could not be accounted for by differential expression levels of GAL4-BTB fusions (Fig. 7D) . Thus, these BTB proteins have differences in their charged pockets, correlating with a differential ability to both repress transcription and interact with corepressors. Swapping critical Bcl-6 charged pocket residues alters transcriptional repression and corepressor binding properties of BTB domains. We postulated that the differences in the charged pocket among Bcl-6, PLZF, and FAZF could account, in part, for the differences in potency of repression and extent of corepressor binding. To test this notion, we introduced the arginine residue from PLZF or the serine from FAZF into position 47 of Bcl-6 usually occupied by lysine (Fig. 7A) . The resulting mutants, Bcl-6 K47R and Bcl-6 K47S , were partially impaired for repression compared to the wild type (Fig. 8A) , suggesting that this single-residue change could alter interaction with corepressors. Consistent with this notion, Bcl-6 K47R and Bcl-6 K47S exhibited impaired association to N-CoR and SMRT as measured by the mammalian two-hybrid assay (Fig.  8B) . In contrast, in the case of the Bcl-6-specific B-CoR corepressor, we did not detect a difference in interaction by changing residue 47. However, when the Bcl-6 K47R and Bcl-6 K47S mutations were combined with the Bcl-6 D33N mutation to make Bcl-6 D33N/K47R and Bcl-6 D33N/K47S , a severe loss of BCoR binding was uncovered (Fig. 8B) . This indicates that residues 33 and 47 are critical for B-CoR interaction, yet other, perhaps more subtle differences in the pocket or other portions of the Bcl-6 BTB domain may play a critical role for the selective binding of B-CoR to Bcl-6. Finally, consistent with reporter assays and mammalian two-hybrid results, N-CoR antibodies coimmunoprecipitated slightly less Bcl-6 K47R than wild-type Bcl-6 and still less Bcl-6 K47S than Bcl-6 K47R (Fig.  8C ). Bcl-6 K47S/D33N , which, similar to Bcl-6 D33N/K47Q , results in loss of pocket charge, did not interact with N-CoR at all.
Swapping critical charged pocket residues in FAZF and PLZF alters transcriptional repression and corepressor interactions. In experiments reciprocal to those described above, mutants of PLZF were constructed by inserting the lysine characteristic of Bcl-6 or serine of FAZF at position 49 of the BTB domain of PLZF. Likewise, a FAZF BTB domain was constructed containing lysine (Bcl-6) or arginine (PLZF) at position 44. In reporter assays with GAL-BTB fusions, PLZF R49K was a more powerful repressor than the wild type, simulating Bcl-6; although mirroring the situation for FAZF, PLZF R49S was a weaker repressor than wild-type PLZF (Fig. 9A) . Conversely, changing FAZF toward PLZF (FAZF S44R ) yielded a stronger repressor than wild-type FAZF, and mutation of FAZF toward Bcl-6 (FAZF S44K ) was more powerful still (Fig. 9B) . As noted above, under our experimental conditions, PLZF and FAZF were not able to generate a mammalian two-hybrid signal with N-CoR and SMRT. However, PLZF R49K , which repressed more powerfully than wild-type PLZF, was able to yield a signal in the two-hybrid assay with SMRT. Thus, changing a single residue in the pocket enhanced the affinity of PLZF in vivo for SMRT (Fig. 9C ). In conclusion, differences in critical pocket residues among different BTB proteins can predict the transcriptional potency of the BTB domain and the strength of its interaction with corepressors.
DISCUSSION
BTB domain-containing proteins comprise a large and diverse family of factors involved in multiple cellular processes. The common property of BTB domains is their ability to mediate protein-protein interactions, including homodimerization (1). These interactions often result in higher-order oligomer formation shown to be of functional relevance for the Bach1, FIG. 6 . A discrete domain of N-CoR and SMRT interacts directly with the BTB domains of PLZF and Bcl-6. In vitro interaction of Bcl-6 BTB and PLZF BTB with a fragment of N-CoR. Purified BTB domain was mixed in solution with the indicated histidine-tagged protein, followed by Ni-NTA affinity purification. The samples were resolved on SDS-PAGE gel (14% polyacrylamide) followed by Coomassie staining. Molecular weight markers are indicated. Lanes: Mix, mixture before loading on the Ni-NTA column; F, column flowthrough (unbound protein); W, column wash; E, imidazole eluate (releases His-tagged proteins); N (bottom gel), purified residues 1351 to 1616 before mixing with BTB domain. The N-CoR fragment is a doublet; the smaller band corresponds to a partial proteolysis product that retains the His tag. Bcl-6 BTB interacts strongly with the N-CoR fragment, while the PLZF BTB domains interact, but to a lesser extent. Neither interacts with His-tagged thioredoxin. GAGA, and PLZF proteins among others (2, 25, 36, 53) . The highly conserved nature of the BTB domain sequence predicts that most if not all such domains fold into the obligate dimer structure seen in the 1.9-Å resolution crystal structure of the PLZF BTB dimer (1). The importance of this architectural function is highlighted by experiments where the Bcl-6 BTB domain was fused to the Drosophila ttk69 protein in place of its own BTB domain. This Bcl-6-ttk69 hybrid could block retinal photoreceptor cell differentiation in a manner similar to wildtype ttk69 (49) . Similarly, the mod(mdg4) BTB domain was able to substitute for the GAGA BTB domain in reporter assays of transcriptional activation by GAGA (42) . The interchangeability of these domains suggests that the common dimerization and oligomerization function of the BTB motif is necessary for many if not all activities of this class of proteins. The BTB domain of PLZF is of critical interest in the pathophysiology of the t(11;17)(q23;q21) retinoid refractory variant of acute promyelocytic leukemia. In this disease, the PLZF BTB domain is required for transcriptional repression by the PLZF-RAR␣ fusion product, leading to dominant-negative silencing of genes involved in myeloid differentiation (13, 16, 18, 34) . The BTB domain is also required for transcriptional repression by wild-type PLZF, resulting in target gene silencing characterized by growth suppression, cell cycle arrest, and differentiation arrest in myeloid cells (2, 36, 46, 52) . Numerous other BTB domains, such as those of Bcl-6, BAZF, KAISO, Hic-1, and Bach1, are required for transcriptional repression as well (5, 8, 10, 39, 41, 44, 53) . Several BTB domains, including those of PLZF and Bcl-6, autonomously repress transcription when fused to the GAL4 DBD (5, 30, 44) . In contrast, BTB domains such as that of the MAZR BTB/ZF protein are not repressors (26) . In fact, both the MAZR and Miz BTB domains are required for transcriptional activation by their respective proteins (26, 40) . Therefore, while the basic BTB domain structure mediates an architectural function, subtle variations among different BTB domains might play a role in determining distinctive transcriptional activities.
In our previous studies, we found that the alignment of charged residues within the BTB pocket was required for autonomous transcriptional repression by the PLZF BTB dimer. When the two conserved charged residues of the pocket, D35 and R49, were switched to polar amino acids, the BTB domain no longer repressed and in fact activated a reporter construct (36) . The importance of the charged pocket effect for overall function of PLZF was underscored by the fact that full-length PLZF harboring the double mutant BTB domain was severely impaired for transcriptional repression and growth suppression, yet could still oligomerize and localize to characteristic nuclear speckles. In contrast, PLZF⌬ BTB was completely nonfunctional. This allowed a distinction to be made for PLZF between general BTB architectural effects and BTB-dependent transcriptional repression (36) .
The PLZF BTB domain associates with the N-CoR and SMRT corepressors as well as HDAC1 (18, 50) . In the current study, we found that the PLZF BTB domain is required for stable in vivo interaction with N-CoR or SMRT, as well as for the ability of SMRT to enhance repression by PLZF. Given our previous results, we hypothesized that the charged pocket is required for recruitment of these corepressors. The only previously characterized recruitment interaction between a DNA binding transcription factor and the N-CoR-SMRT complexes at the structural level was that of nuclear hormone receptors such as RAR␣. In this case the N-CoR or SMRT LXXI/HIXXXI/L helix (or CoRNR box) binds to a hydrophobic pocket in the AF2 domain of the nuclear receptor (15) . In the current report, we find that the PLZF BTB domain D35N/ R49Q double pocket mutant, which fails to repress transcription, did not physically or functionally interact with N-CoR and SMRT. Full-length PLZF D35N/R49Q was previously shown to bind to DNA as a low-mobility gel shift complex and form nuclear speckles, both indicative of intact dimerization or oligomerization by the BTB domain. Yet herein, we show that PLZF D35N/R49Q does not repress and does not bind to corepressors. Therefore, these results suggest that the charged pocket of the PLZF BTB is specifically required for N-CoR-SMRT recruitment and transcriptional repression and could represent a docking site for corepressors with PLZF. Interestingly, HDAC1 also required the intact pocket in order to complex with PLZF. A number of studies identified N-CoR and SMRT in the context of different protein complexes, some of which contain class I HDACs and some of which contain class II HDACs (43) . Such interactions may depend on cell type and differentiation stage, as well as on the specific transcription factor that recruits N-CoR and SMRT (43) . Thus, HDAC1 is possibly recruited to PLZF indirectly through NCor or SMRT. The nature of the entire repression complex that PLZF assembles on target genes is yet unknown. Our preliminary data show that PLZF fractionates from cells both as an ϳ600-kDa complex as well as a 2-MDa complex 2. Identification of the subunits of these complexes and their interactions will clarify the relationship among N-CoR, SMRT, HDACs, and PLZF.
Due to its importance in lymphoid differentiation and lymphomagenesis, we also analyzed Bcl-6, another member of the BTB-zinc finger repressor family that binds to N-CoR and SMRT. Bcl-6 also interacts with B-CoR, a specific corepressor not homologous to SMRT and N-CoR, that does not interact with PLZF (23) . As in the case of PLZF, the BTB domain is the main corepressor interaction site for Bcl-6 (23, 24) . The interaction of the Bcl-6 BTB domain with each of these corepressors is mutually exclusive, suggesting that the interaction of B-CoR, SMRT, and N-CoR occurs through the same unique binding site (24) . The equivalent conserved pocket residues of Bcl-6 correspond to positions D33 and K47. When these residues were mutated in the Bcl-6 BTB domain, the mutant domain could neither repress transcription nor interact with N-CoR, SMRT, or B-CoR, consistent with the idea that the pocket is the binding site or that the integrity of the pocket is required for proper presentation of the corepressor binding site. In addition, these experiments indicated that our model for the PLZF BTB domain could be extended to other proteins. FIG. 9 . Swapping critical charged pocket residues in FAZF and PLZF alters transcriptional repression and corepressor interactions. Mutant PLZF BTB domains were generated by swapping the R49 residue for lysine (as in Bcl-6) or serine (as in FAZF). FAZF mutants were also made by swapping the S44 for lysine (as in Bcl-6) or arginine (as in PLZF). (A and B) Reporter assays performed with 2 ϫ 10 5 293T cells cotransfected with 400 ng of GAL or GAL-BTB fusions as indicated with 100 ng of reporter and 5 ng of internal control. (C) Mammalian two-hybrid assay performed in 293T cells with 25 ng of GAL While our data suggest that an interaction site of corepressors to PLZF and Bcl-6 is the BTB charged pocket, it was unknown whether this interaction was direct. Previous studies that examined BTB-corepressor interactions employed GST affinity chromatography with in vitro-translated proteins. However, these assays are hampered by the fact the reticulocyte lysates do not represent a pure source of protein and contaminants such as Sin3A, and others could act as bridging factors (18, 23, 50) . Using proteins expressed and purified from E. coli, we showed for the first time that PLZF and Bcl-6 directly bound to N-CoR or SMRT and localized this interaction to discrete regions of these corepressors. In addition, the Bcl-6 BTB domain has a higher affinity for corepressors than PLZF, consistent with previous data generated by GST pulldown assays (23) . Given our data suggesting that the charged pocket may be an interaction site for corepressors, one might predict that subtle variations between PLZF and Bcl-6 could account for these differences. Furthermore, if BTB-dependent repression is contingent on corepressor recruitment, a higher-affinity interaction would most likely translate into more potent repression by Bcl-6 than PLZF.
We showed that both of these predictions are accurate. First, we compared and contrasted the protein sequences of PLZF, Bcl-6, and FAZF. These proteins did differ in a conserved positive residue in the charged pocket, arginine in PLZF, lysine in Bcl-6, and unique among BTB proteins, serine in FAZF. Second, in reporter assays, the BTB domain of Bcl-6 was a far more powerful repressor than that of PLZF, while the FAZF BTB was transcriptionally inert. These differences were reflected in the relative affinities of these BTB domains for corepressors. Furthermore, the differences among these proteins in repression activity and affinity for corepressors could be partially transferred by swapping this residue among the three different domains. The fact that these residues, located deep within the pocket of the BTB domain, are so important for corepressor binding, again supports a central role for this structure in formation of the BTB-dependent repression complex.
Most BTB domains possess the conserved charged pocket; therefore, it is not surprising that many other BTB transcription factors bind to corepressors, including Bach-2, GAGA, and ZID (23, 38) . Since our residue-swapping experiments did not fully transfer repression functions between Bcl-6, PLZF, and FAZF BTB domains, other structural elements of the BTB domain must be important for its function as well. Furthermore, B-CoR, while requiring the charged pocket of Bcl-6 to form a complex with the BTB fails to bind other BTB domains. Bcl-6 has a small sequence proximal to the pocket between residues 63 and 68, which could play a role in this specific interaction. The HIC-1 protein has a charged pocket, but fails to bind to N-CoR or SMRT (8) . This might be explained by a unique 13-residue insertion in its BTB domain potentially altering the three-dimensional structure of the pocket and/or other sites of the BTB domain usually required for corepressor interaction (17) . Ongoing comparative studies of BTB proteins should indicate what other features of the BTB domain might be required for its potency as a repression domain and ability to selectively bind cofactors.
Finally, while the BTB domain is required for PLZF and Bcl-6 transcriptional repression, both of these proteins have second repression domains. In PLZF, this domain, located between residues 200 and 300, binds to the ETO protein (37) and can function autonomously when tethered to GAL4. However, PLZF deleted for the BTB domain or mutated in the charged pocket could not repress transcription. This indicates that there must be close cooperation between the two domains, with the second repression domain offering additional contact sites for corepressors, and the BTB domain contributing both binding sites for N-CoR or SMRT and dimerization or oligomerization activity.
In conclusion, in the course of our efforts to understand the molecular pathogenesis of specific hematologic malignancies, we identified critical residues in the BTB domains of PLZF and Bcl-6 required for corepressor binding and transcriptional repression. We also show that while BTB domains have a common function in mediating dimerization or oligomerization, variations between BTB domains exist that modulate transcriptional potency and corepressor binding. The groove of the PLZF and Bcl-6 charged pocket offers a potential site for interaction with specific residues of corepressors. Confirmation of this model may allow the design of molecules to specifically prevent the interaction of the repression machinery with the BTB transcription factors. These experiments will allow dissection of BTB-dependent and BTB-independent mechanisms in the biological actions of PLZF and other factors. Finally, inhibitors of the pocket could directly or indirectly prevent interaction with corepressors and offer a novel transcriptional therapy approach to the treatment of Bcl-6-associated nonHodgkin's lymphoma, t(11;17) acute promyelocytic leukemia, and other disorders.
